Among various 150-nM methotrexate-resistant (MTX r ) V79 clones isolated, we found that two near-tetraploid clones as well as a near-diploid clone with amplification in the dihydrofolate reductase (dhfr) gene readily developed resistance to 40 000 nM MTX within 3 months during stepwise increased MTX selection, while two near-diploid clones without gene amplification could not acquire resistance beyond 5000 nM MTX. Then, we studied how the clones increased the resistance to MTX, and compared the propensity for gene amplification among three types of clones. Dot blot analysis showed that the acquisition of the high levels of resistance to MTX observed in two neartetraploid clones and a near-diploid clone with gene amplification was associated with amplification in the dhfr gene. The amplified dhfr gene was overexpressed at mRNA and protein levels in the clones. Southern blot analysis of Hind III-and Eco Rl-digested DNA in the clones at the time when they became resistant to 10 000 nM MTX indicated that they amplified the dhfr gene fragments which existed in low amounts in parental V79 cells, and that no gross rearrangement of the amplified dhfr gene was detected. Furthermore, fluorescence in situ hybridization analysis showed that the amplified dhfr gene was located on one chromosome as cluster(s). On the other hand, two neardiploid clones without gene amplification did not show any amplification of the dhfr gene even at 5000 nM-MTX resistant stage. These combined results suggest that the near-tetraploid clone as well as the near-diploid clone with the dhfr gene amplification have genomic instability with the propensity for gene amplification during stepwise MTX selection, and have a similar process for the development of the dhfr gene amplification.
Introduction
Genomic instability manifested as various chromosomal aberrations such as aneuploidy, amplifications, translocations, deletions and point mutations is frequently observed during cancer cell evolution (1-3). The most common genetic alterations in human cancers are mutations in the tumor
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suppressor p53 gene (4) (5) (6) . The evidence suggests that the inactivation or alteration of p53 protein might lead to genomic instability. Indeed, human and mouse fibroblasts, which lack wild-type p53, show higher frequencies of gene amplification (an indicator of genomic instability), compared with the cells containing functional p53 (7, 8) . Wild-type p53 has been implicated in a Gl checkpoint, since there was a close correlation between expression of its gene and its ability to arrest in Gl phase after y-irradiation (9, 10) . A recent result suggested that p53 also participated in a mitotic checkpoint that ensured the maintenance of diploidy (11). In the study, wild-type mouse embryonic fibroblasts with normal p53 were arrested in mitosis after treatment with a spindle inhibitor (nocodazole or colcemid), whereas p53-deficient fibroblasts became tetraploid or octaploid after the chemical treatment. This result suggests that tetraploidization, led by loss of functional p53, might play an important role in inducing genomic instability.
Methotrexate (MTX*), an inhibitor of dihydrofolate reductase (DHFR), is a commonly used antineoplastic drug. MTX resistance in cultured cells results from at least three mechanisms: increased levels of the target enzymes as a result of dhfr gene amplification (12) ; reduced permeability to the drug by virtue of defects in a carrier-mediated transport system (13, 14) ; altered affinity of DHFR for MTX (13, 15) . The frequency of methotrexate-resistant (MTX 1 ) mutants of mammalian cells can be increased if cells are treated with the DNA synthesis inhibitor, hydroxyurea, before MTX selection (16) . We have found that aphidicolin, an inhibitor of DNA polymerase a, 6 and e (17) , could increase the frequency of 150 nM-MTX r cells in Chinese hamster V79 cells in a concentration-dependent manner (18) . We have also found that the MTX-resistance induced by aphidicolin was associated, at least in part, with the appearance of tetraploid cells in contrast to spontaneously-occurring MTX r mutants (Mori et al., in preparation). We have also succeeded in cloning three types of 150 nM-MTX r cells with different mechanisms for MTX resistance; a near-tetraploid clone, a near-diploid clone with amplification in the dhfr gene and a diploid clone without gene amplification. The cells with dhfr gene amplification have been known to readily acquire the higher MTX resistance by increasing the levels of amplification during the stepwise increasing MTX selection (19) .
In the present experiment, we wanted to discover whether near-tetraploid MTX r clones also had a similar genomicinstability phenotype, and compared the propensity for gene amplification during stepwise MTX selection among three types of clones. We found that near-tetraploid clones as well as a diploid clone with gene amplification had a genomicinstability phenotype showing the propensity for gene amplification during stepwise MTX selection. On the contrary, it was found that two near-diploid clones without gene amplification did not show any amplification of the dhfr gene even at 5000 nM-MTX resistant stage.
Materials and methods

Methotrexate-resistant cells and cell culture
Chinese hamster V79 cells were cultured in a modified Eagle's medium (20) (Earle's balanced salt solution with a 50% increase in all vitamins and essential amino acids except glutamine) and supplemented with nonessential amino acids (100% increase), I mM sodium pyruvate (D medium) and 5% fetal bovine serum (FBS; Flow Laboratories Inc., McLean, VA). To obtain 150 nM-MTV cells, cells were exposed to 0-0.5 |iM aphidicolin for 54 h, and then cultured for 3 weeks in D medium supplemented with 10% dialyzed FBS (JRH Biosciences, Lenexa, KS) and 150 nM MTX. 150 nM-MTX r clones, spontaneously-occurring (SI50 series) or aphidicolin-induced (A 150 series), were isolated using the cloning cylinder technique. A150-4 and A150-6 were near-tetraploid clones showing modal chromosome numbers of 34 and 37, and having 1.7 and 1.8 times higher DHFR levels per cell than parental V79 cells. (We designate these clones as 'tetraploid' clones in this paper). SI50-1 was a near-diploid clone (modal chromosome number of 22) with the dhfr gene amplification (1.8 times). A150-2 and A150-3 were neardiploid clones without gene amplification having modal chromosome numbers of 21 and 19, respectively. A150-2 had 1.6 times higher DHFR level than parental V79 cells. However, the mechanism of the MTX resistance in A15O-3 remains unknown, since it has a similar DHFR level to parental cells (1.1 times). (We also designate these clones as 'diploid' clones in this paper.) The parental V79 cells had a modal chromosome number of 21. Details will be published elsewhere (Mori et al., in preparation).
Stepwise selection with increasing concentrations of MTX Five clones, resistant to 150 nM MTX, were separately plated in 25 cm 2 Falcon flasks and cultured for 3 months in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% dialyzed FBS and MTX. MTX concentrations were increased stepwise by factors of 1.2-2 0, when cells became resistant to an applied concentration. Cells were frozen away at various passages throughout selection experiments for further studies.
DNA dot blotting and Southern blotting
Genomic DNA from MTX r cells was prepared using standard methods involving SDS (sodium dodecyl sulfate) lysis, following proteinase K treatment and phenol extraction. For DNA dot blotting, equal amounts (8 (J.g) of DNA were immobilized on a charged nylon membrane (Hybond-N+, Amersham) using a HYBRI DOT Manifold (Gibco BRL, Grand Island, NY). For Southern blotting, sample DNA (10 u.g), digested with restriction enzymes (Eco RI or Hind III), was subjected to electrophoresis on a 0.8% agarose gel and transferred onto a charged nylon membrane (Hybond-N +) by capillarity under alkaline condition (21) .
Northern blotting
Total RNA was extracted from MTX r cells using RNAzol B (Biotecx Laboratories, Houston, TX) according to supplier's method. Total RNA (each 20 |ig) was electrophoretically separated on a 1% agarose gel containing formaldehyde and transferred onto a charged nylon membrane (Hybond-N+) with 20XSSC (3 M NaCI, 0.3 M sodium citrate, pH 7.4).
Hybridization with i2 P-labeled DNA probe
The mouse dhfr gene, Hind WVSac II fragment, was derived from plasmid pFR400, which contains 0.7 kb mouse dhfr cDNA (22) . The mouse hprt gene, Pst I fragment, was derived from plasmid pHPT4, which contains 1.2 kb mouse hprt cDNA (obtained from the JCRB) (23) . DNA probes were radio labeled with [<x-32 P]dCTP by the random pnmer method and hybridized to the membranes using standard procedures (24) . Radio images were quantitatively determined by a BAS 1000 imaging plate scanner (Fuji Photo Film, Tokyo). The relative dhfr gene amplification in the DNA dot blot experiment was calculated from the ratios of the intensity of hybridization signal using the dhfr probe over that using the hprt probe, and the value of parental V79 cells was expressed as 1.0. All radio images in Southern and Northern blot analyses were made on a Pictrography 3000 (Fuji Photo Film) at an output resolution of 400 dot per inch.
Laser scanning conforcal microscope analysis of DHFR enzyme level per MDC cell
We followed the published methods (25, 26) with minor modifications. Various MTX r cells were cultured in selection medium without MTX for 5 days. Then, cells (2XIO 3 ) were plated in 3.5 cm glass bottom culture dishes (P35G-10I, MatTek Corp., Ashland, MA) in folate-deficient DMEM (Gibco) supplemented with 10% dialyzed FBS. Next day, cells were stained overnight with fluoresceinated methotrexate (F-MTX, 10 u.M: Molecular Probes, Eugene, OR) in the presence of glycine, hypoxanthine and thymidine (30 u.M each). Cells attached on dishes were washed five times with PBS, soaked in PBS containing 5% FBS and analyzed on a laser scanning conforcal microscope, InSIGHTplus-IQ (Meridian Instruments Far East, Tokyo) with DHFR enzyme level per cell measured as fluorescence intensity.
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Fluorescence in situ hybridization (FISH) FISH method was based on the published procedures (27) with some modifications. MTX 7 cells (SI0O0O-1, A10000-4 and A10000-6) were cultured in selection medium containing 10 000 nM MTX, treated with colcemid (0.04 u.g/ml) for 3 h and harvested by trypsinization. Metaphase chromosome spreads were made by the standard air-drying method. The specific dhfr domain cosmid probe (cH-l) (28) was labeled with biotin-16-dUTP (Boehringer-Mannheim) by nick translation. Chromosomes were denatured in 70% formamide, 2XSSC at 70°C for 2 mm, and dehydrated in 70, 90 and 100% EtOH series. The biotin labeled DNA (200 ng), sonicated V79 DNA (5 |ig) and salmon sperm DNA (5 ng) were mixed and dissolved in 20 |il hybridization solution (50% formamide, 2XSSC, 10% dextran sulfate). After denaturation of the probe mixture (75°C for 10 min), it was allowed to incubate at 37°C for 10 min to anneal with repetitive sequences, then applied to slides. Hybridization was carried out at 37°C overnight. Slides were washed in 50% formamide, 2XSSC at 37°C for 15 min and then in three changes of IXSSC at 45°C for 5 min each. Slides were treated with blocking solution (3% BSA, 4XSSC, 0.1% Tween 20) at 37°C for 30 min. Biotin labeled probes were detected with fluorescein-conjugated avidin DCS (1.400) (Vector Laboratories, Burlingame, CA). The intensity of fluoresceinsignal was further amplified by biotm-conjugated goat anti-avidin (1:100) (Vector Laboratories) and following fluorescein-conjugated avidin DCS (1:400) treatment. Chromosomes were counterstained with propidium iodine solution (500 ng/ml) and mounted in antifade reagent, ProLong (Molecular Probes, Eugene, OR). Photographs were taken using a Zeiss Axiophot microscope Epifluorescence filters were as follows-excitation, 450-490 nm; reflector, FT510; emission, LP52O.
Results
Stepwise selection with increasing concentrations of MTX
We were interested to know how tetraploid and diploid 150 nM-MTX r clones responded to the increasing selection pressure by MTX (Figure 1 ). The tetraploid clones (A 150-4 and A150-6) became resistant to 40 000 nM MTX within 3 months during stepwise MTX selection. The diploid clone with dhfr gene amplification (SI50-1) also acquired resistance to 50 000 nM MTX within 2 months. On the contrary, the diploid clones without gene amplification (A150-2, A15O-3) could not become resistant to MTX beyond 5000 nM within 3 months.
dhfr Gene copy numbers in MTX 7 cells at the different stages of resistance to varying MTX concentrations
To study a mechanism for the acquisition of the increasing MTX resistance, we measured the dhfr gene copy numbers in the five individual clones at different stages of MTXselection by dot blot hybridization ( Figure 2 ). As predicted, the SI50-1, which already had possessed the amplified dhfr genes (1.8-fold), increased the gene amplification levels to 4-and 12-fold at the time when it became resistant to 1500 and 10 000 nM MTX, respectively. The tetraploid clones (A 150-4, A150-6) also obtained the high levels of gene amplification as they increased resistance to MTX. About two times higher gene amplification was observed in A150-6 series than in A150-4 series at the resistant stages higher than 1500 nM MTX. It is noteworthy that since A150-4 and A150-6 series maintain near-tetraploidy during stepwise selection, two times higher the dhfr gene copy numbers are expected on a single-cell basis. On the other hand, we could not find any gene amplification in A150-2 and A150-3 series even at 5000 nM-MTX resistant stage.
dhfr mRNA levels in MTX 7 cells
To study whether the amplified dhfr genes are indeed expressed in MTX r cells, Northern blot analysis was carried out ( Figure  3 ). The hamster dhfr gene encodes three mRNA species varying in the length of their 3'-untranslated regions (29, 30) ; two predominant mRNA species of 2.4 and 1.1 kb in addition Different stages of resistance to varying MTX concentrations (nM) Fig. 2 . dhfr Gene amplification in MTX r clones at the different stages of resistance to varying MTX concentrations. DNA from various MTX r cells was prepared and analyzed for dhfr gene copy numbers by dot blot hybridization using a mouse dhfr cDNA probe. A mouse hpn cDNA was used as a control. The relative dhfr gene amplification was calculated from the ratios of the intensity of hybridization signal using the dhfr probe over that using the hpn probe, and the value of parental V79 cells was expressed as 1.0.
to a 1.8-kb intermediate. We found that parental V79 and all MTX r cells expressed two major mRNA species of 2.4 and 1.1 kb. 1.8-kb mRNA was also observed in highly MTX r cells. Two tetraploid clones (A 150-4, A150-6) and a diploid clone with gene amplification (SI50-1) clearly increased mRNA levels as cells increased resistance to MTX, indicating that dhfr gene amplification resulted in a subsequent overexpression of its transcripts. DHFR enzyme levels in MTX 1 cells
To study whether dhfr gene amplification resulted in over-production of its protein, we measured DHFR enzyme levels in MTX r cells using a laser scanning conforcal microscope analysis, based on the specific binding of F-MTX to DHFR (25, 26) . Figure 4 shows the DHFR enzyme levels per cell in the three MTX r clones at different stages of MTX resistance. Two tetraploid clones and SI50-1 clone increased DHFR enzyme levels per cell in a concentration-dependent manner as they increased resistance to MTX. About two times higher DHFR enzyme levels were observed in A150-6 series than in A150-4 series at the resistant stages higher than 1500 nM MTX, as had been observed in dhfr gene amplification. Furthermore, the order of DHFR enzyme levels per cell among the three MTX r -clone series was well correlated with that of dhfr gene copy numbers calculated on a single-cell basis. These results indicate that dhfr gene amplification results in a subsequent overproduction of DHFR protein. By the way, flow cytometric analysis using F-MTX revealed that A150-2 and A150-3 clones had 4.8 and 2.3 times higher DHFR enzyme levels per cell than parental V79 cells at 5000 nM-MTX resistant stage, respectively (data not shown).
Southern blot and FISH analyses of the dhfr gene amplification in MTX r cells
To find out any differences or similarities in the development of dhfr gene amplification between the tetraploid clones and the SI50-1 diploid clone with gene amplification during stepwise increased MTX selection, Southern blot and FISH analyses were carried out using the 10 000 nM-MTX r and parental V79 cells (Figures 5 and 6 ). Southern blot analysis of Hind m-digested DNA in three MTX r cell populations revealed the amplification of four restriction fragments (of 18, 7, 3.4 and 1.1 kb in size) which appeared in the restriction map of the dhfr gene in CHO cells (29) , and which existed in low amounts in parental V79 cells. In contrast, MTX r cells did not amplify the 5.1 kb-fragment which was not seen in the restriction map, suggesting that it might be a pseudogene (31) . Southern blot analysis of Eco Rl-digested DNA in A10 000-4 and S10 000-1 cells exhibited the similar amplification of six restriction fragments (of 4.1, 2.9, 2.5, 1.2, 1.1 and 0.9 kb) which roughly corresponded to the restriction map of the dhfr gene in CHO cells. A10 000-6 cells also had the similar amplified fragments except that they lost 1.1 kbfragment and obtained new fragments of 1.6 and 1.0 kb. These results suggest that A10 000-6 cells contain a small rearrangement in the amplified dhfr gene.
Detection of dhfr gene amplification on chromosomes was performed in three 10 000 nM-MTX r cell populations using FISH method ( Figure 6) . A typical S10 000-1 sample had three amplicon clusters in a chromosome ( Figure 6A , containing 22 chromosomes). One chromosome was almost occupied with dhfr amplicon clusters in A10 000-4 cells ( Figure 6B1 , 29 chromosomes; Figure 6B2 , 32 chromosomes). Typical samples of A10 000-6 cells contained the terminal amplicon cluster in a chromosome ( Figure 6C1 and 6C2, 36 chromosomes).
Discussion
Transient DNA synthesis inhibition by aphidicolin produced proliferative tetraploid cells, resulting in the enhancement of the frequency of 150-nM MTX r cells (Mori et al., in preparation). Among 150-nM MTX r clones with different mechanisms for MTX resistance, the tetraploid clones (A 150-4, A150-6) readily acquired resistance to 40 000 nM MTX within 3 months during stepwise increased MTX selection, as did the diploid clone with the dhfr gene amplification (SI50-1). On the contrary, the nonamplified diploid clones (A150-2, A150-3) could not increase MTX resistance beyond 5000 nM during the same period. The study was performed in order to discover how the tetraploid clones as well as the diploid clone with gene amplification developed resistance to 40 000 nM MTX in contrast to the diploid clones without amplification, and whether tetraploid cells had a genomic-instability phenotype. Dot blot analysis showed that the acquisition of the increasing MTX-resistance in the two tetraploid and SI50 clones was correlated with the increasing dhfr gene amplification. The amplified dhfr gene was overexpressed at mRNA and protein levels in these cells. On the other hand, the diploid clones without gene amplification did not show any amplification of the dhfr gene even at 5000 nM-MTX resistant stage. These combined results indicate that tetraploid cells have genomic A subset of the population displayed a 'stringent' response where cells were arrested in mitosis when treated with sufficient colcemid to prevent mitotic spindle formation, whereas another population displayed 'relaxed' response where cells became tetraploid in the presence of colcemid. Two 'stringent' clones could not be incremented in MTX concentration above 0.2 jiM MTX for over 100 days of stepwise selection, whereas two 'relaxed' clones were growing at 1 (iM MTX. The 'relaxed' clones acquired resistance to 10 |iM MTX in the following 50 days of selection, and revealed the dhfr gene amplification. Recently, the tumor suppressor p53 has been found to participate in a mitotic checkpoint that ensured the maintenance of diploidy (11), although it has been implicated in a Gl checkpoint (9, 10) . In the experiment, the mouse embryonic fibroblasts with normal p53 were arrested in mitosis after treatment with nocodazole or colcemid. In contrast, p53-deficient fibroblasts displayed 'relaxed' response where cells became tetraploid or octaploid after the chemical treatment. Furthermore, fibroblasts from patients with the Li-Fraumeni syndrome and murine fibroblasts, which lacked wild-type p53, showed gene amplification at a detectable frequency (10~5-10~4), whereas the cells containing functional p53 reduced the frequency of gene amplification to undetectable levels (< 10~7) (7, 8) . These results combined with ours suggest that tetraploidization may play an important role in inducing genomic instability manifested as gene amplifications, and that genomic instability, led by loss of p53 function, might be, at least in part, correlated with tetraploidization. The tetraploid clones and the diploid clone with gene amplification, resistant to 150 nM MTX, increased the dhfr gene amplification as they increased resistance to MTX during stepwise selection. To study any differences or similarities in the development of dhfr gene amplification among clones, Southern blot and FISH analyses were carried out at the time when clones became resistant to 10 000 nM MTX. Southern blot analysis showed that three MTX r cell populations amplified the dhfr gene fragments which existed in low amounts in parental V79 cells, and that no rearrangement of the amplified dhfr gene was detected except for a small rearrangement found only in Eco Rl-digested DNA of A10 000-6 cells. FISH analysis showed that the amplified dhfr gene was located on one chromosome as clusters) in three MTX r cell populations. Thus, these results suggest that the 150 nM-MTX r clones finally form a cluster or clusters of the large amplification unit (amplicon) containing the intact 25 kb dhfr gene itself on a
